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6.1 Introduction
Pearl millet [Pennisetum glaucum (L.) R. Br., Syn. Cenchrus americanus (L.) 
Morrone] is the sixth most important cereal worldwide and the main food source in 
the semiarid regions of Asia and Africa. Globally, pearl millet is cultivated on 30 mil-
lion ha with majority of the crop in Africa (∼18 million ha) and Asia (>10 million 
ha)  (Yadav and Rai, 2013). It is mainly grown for food and forage in India and Africa, 
while as a forage crop in the Americas. India is the single largest producer of pearl 
millet (7.95  million ha, 8.90 Mt) with seven major growing states (AICPMIP, 2014). 
Pearl millet is a C4 plant with very high photosynthetic efficiency, dry matter produc-
tion capacity, short duration, and high degree of tolerance to heat and drought. It is 
also adapted on saline, acidic, and aluminum toxic soils (Yadav and Rai, 2013).
Pearl millet grain is a staple food for around 90 million people in the Sahelian 
region of Africa and northwestern India, with majority of the produce being used as 
food (www.icrisat.org). It is consumed primarily as a thick porridge (toh), but it is also 
milled into flour to prepare unfermented breads and cakes (roti), steam-cooked dishes 
(couscous), fermented foods (kisra and gallettes), nonalcoholic beverages, and snacks. 
Roasted young earheads are a popular food for children. In the Sahelian countries like 
Senegal, Mali, Niger, and Burkina Faso, pearl millet is consumed in preference to sor-
ghum. In northern Nigeria, pearl millet is used in making a popular fried cake known 
as masa (Girgi and O’Kennedy, 2007).
Pearl millet is a “high-energy” cereal that contains carbohydrates, protein, and fat, 
rich in vitamins B and A, high in calcium, iron, and zinc, and also contains potassium, 
phosphorus, magnesium, zinc, copper, and manganese. Feeding trials conducted in 
India have shown that pearl millet is nutritionally superior to maize and rice (NRC, 1996; 
DeVries and Toenniessen, 2001). Pearl millet grains are gluten-free and the biological 
value of its protein is superior over wheat. Grain has no tannin, contains oil (5–7%), 
and has higher protein and energy levels than maize or sorghum and more balanced 
amino acid profile compared to sorghum and maize (Rai et al., 2008). In India, al-
though grains are mainly used for human consumption, alternative uses have increased 
(55%) mainly as animal feed for dairy (in rural parts of western Rajasthan) and to some 
extent in poultry, alcohol industry, starch industry, processed food industry, and export 
demand (Basavaraj et al., 2010). Both green fodder and dry stover are used for cattle. 
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Stover has excellent forage quality with lower hydrocyanin content; green fodder is 
rich in protein, calcium, phosphorus, and other minerals with safer limits of oxalic acid.
6.2 Origin, distribution, and diversity
P. glaucum subsp. monodii, found in the Sahelian region of Africa, is the progenitor of 
cultivated pearl millet (Harlan, 1975; Brunken, 1977). Domestication of pearl millet 
has been suggested to have occurred through single or multiple events (Harlan, 1975; 
Portères, 1976) and the earliest archeologic evidence for pearl millet domestication is 
from northern Ghana, ∼3000 years BP (D’Andrea and Casey, 2002). Domestication 
followed by migration of aboriginal populations in sub-Saharan regions and second-
ary diversification in the eastern Sahel has been suggested (Tostain et al., 1987; To-
stain, 1992). Early-flowering types may have domesticated around Lake Chad, which 
is considered as a secondary center of diversification. Furthermore, the late flower-
ing, new early-flowering varieties, pearl millet varieties from East and South Africa 
and India could have originated from this region (Robert et al., 2011). Monophyletic 
origin of pearl millet has been suggested based on similarity among domestic and 
wild forms for isozymes and simple sequence repeats (SSRs) (Tostain, 1993; Mariac 
et al., 2006a, 2006b; Oumar et al., 2008; Kapila et al., 2008).
Molecular profiling revealed that cultivated pearl millet contains 81% of the alleles and 
83% of the genetic diversity of the wild pearl millet (Oumar et al., 2008), suggesting that 
domestication has decreased genetic diversity. The gene flow between domestic and wild 
forms could later have contributed to increase in genetic diversity of the domestic genepool 
(Robert et al., 2011). A large number of spontaneously occurring weedy and intermediate 
form plants, which mimic the cultivated plants in their vegetative and floral morpholo-
gies called “shibras” (=Pennisetum stenostachyum), are observed throughout West African 
Sahel. The stenostachyum is considered as a product of postdomestication hybridization 
between pearl millet and its wild ancestor (Brunken et al., 1977). Its widespread occurrence 
outside the natural area of its wild progenitor suggests its persistence over long times.
Quantitative trait loci (QTL) analyses using F2 populations of crosses between pearl 
millet and its wild progenitor (P. glaucum subsp. monodii) identified two genomic re-
gions on linkage groups (LG) 6 and 7, which control most of the key morphologic dif-
ferences between wild and cultivated types (Poncet et al., 1998, 2000, 2002). These ge-
nomic regions have a prime role in the developmental control of spikelet structure and 
domestication process of pearl millet, which may also correspond with QTLs involved 
in domestication of other cereals like maize and rice (Poncet et al., 2000, 2002). Further-
more, Miura and Terauchi (2005) proposed the occurrence of a putative supergene or 
gene complex during domestication that differentiated weedy and cultivated pearl millet.
6.2.1 Taxonomy and diversity
The genus Pennisetum (bristle grass) is the largest and important genera belonging to the 
subtribe Panicinae, tribe Paniceae, subfamily Panicoideae of the family Poaceae. The ge-
nus is mainly characterized by its inflorescence, a false spike with spikelet on contracted 
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axes, or spikelets fascicled in false spikes, always surrounded by involucres, which are 
crowded with slender, basally free, glabrous to plumose bristles; the spikelets are sessile 
or pedicillate, falling with the involucres, only persistent in the cultivated species (Watson 
and Dallwitz, 1992). The Pennisetum genus includes over 80–140 species (Brunken, 1977; 
Clayton and Renvoize, 1986), which differ in their duration (annual or perennial), re-
production (sexual or asexual/apomictic), somatic chromosome number (2n = 10–78), 
basic chromosome number (x = 5, 7, 8, or 9; Jauhar, 1981a, 1981b), chromosome size 
(92–395 Mbp), genome size (1Cx = 0.75–2.49 pg) (Martel et al., 1997), and ploidy levels 
(diploid to octoploid) (Table 6.1). Aneuploids are fairly common (Schmelzer, 1997) and 
frequent occurrence of B chromosomes was reported in many species (Vari et al., 1999).
Diversity in basic chromosome number, different chromosome sizes between spe-
cies with larger size for those with low basic chromosome number (Jauhar, 1981a), 
reflect “chromosome repatterning” within the genus during evolution. Different hy-
potheses were proposed for ancestral basic chromosome number in Pennisetum. Jau-
har (1981a) and Rao et al. (1989) based on chromosome pairing observations in Pen-
nisetum, suggested an increase in basic chromosome number from x = 5. But, frequent 
occurrence of x = 9 in Pennisetum and closely related genera like Cenchrus, Pani-
cum, and Setaria suggests a decrease in “x” from ancestral number (x = 9) (Robert 
et al., 2011). In the genus Pennisetum, nearly 3/4th of the species are polyploids (Jau-
har, 1981a). Cultivated species (Pennisetum glaucum) is essentially a diploid, though 
both spontaneous and induced polyploids have been reported. Based on meiotic chro-
mosome pairing studies in section Brevivulvula, species Pennisetum pedicellatum and 
Pennisetum polystachyon were reported to be autoploid or autoalloploid or segmental 
alloploid. Similarly, many species such as Pennisetum subangustatum, Pennisetum 
atrichum, Pennisetum setosum, and Pennisetum squamulatum, were suggested to be 
autoalloploids (for details see Robert et al., 2011). However, P. squamulatum is sug-
gested to be an octoploid (Kaushal et al., 2008).
6.2.1.1 Sections
Based on morphological differences, genus Pennisetum is divided into five sections 
(Stapf and Hubbard, 1934), that is, Penicillaria (tropical Africa and India), Brevivul-
vula (pan-tropical), Gymnothrix (pan-tropical), Heterostachya (northeast Africa), and 
Eupennisetum (tropical and subtropical Africa and India), each having several species 
(Table 6.1). The differences between sections were often not very strong as more than 
one morphological section consisted of taxa with one common basic chromosome 
number and also one section included taxa from different basic chromosome number 
groups. Section Penicillaria represents species with x = 7 and include cultivated pearl 
millet (P. glaucum) and napier/elephant grass (P. purpureum), while Brunken (1977) 
included them under a different section Pennisetum. Other sections comprise 22 spe-
cies in Gymnothrix, 5 in Pennisetum, and 3 each in Heterostachya and Brevivulvula.
6.2.1.2 Genepool
The classification of genepool for pearl millet and its wild relatives was proposed based 
on the genetic relationship between species (Harlan and de Wet, 1971). Later, it was 
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Table 6.1 Characteristics of Pennisetum species
Genepool/section/species/ 
subspecies/common name
Mode of reproduc-
tion, plant habit* Geographic range
Chromosome number** 2C value 
(pg)n 2n x
I. Primary genepool (GP1)
Section Penicillaria/Pennisetum† 7 14 7
P. glaucum (L.) R. Br.
1. P. glaucum ssp. glaucum (Pearl 
millet)
Sex, A Wide 7 14(2x) 7 4.71
2. P. glaucum ssp. monodii
Two ecotypes:
(a) P. violaceum Sex, A Africa 7 14(2x) 7 4.52
(b) P. mollissimum A West Africa – 14(2x) – 4.51
II. Secondary genepool (GP2)
Section Penicillaria/Pennisetum† 7–28 21–28 7
P. purpureum (Elephant grass) Sex/Apo, Inb, P, SP Wide 7, 14, 28 28(4x), 27, 21 7 4.59
Section Heterostachya 54–56 7, 9
P. squamulatum Apo, Inb, P, C, RSE Africa – 54(6x), 56(8x) 7, 9 9.56
III. Tertiary genepool (GP3)
Section Brevivulvula 9–36 18–78 9
Pennisetum hordeoides Apo, A Africa, Asia-tropical 9 36, 54 9 –
P. pedicellatum (Hairy fountaingrass)
1. ssp. pedicellatum
2. ssp. unispiculum
Apo, Inb, A Africa, Asia-tropical, 
Australasia, 
South America
14, 18, 
27
54(6x), 36(4x), 24, 
30, 32, 35, 42, 45, 
48, 53
9 5.61
P. polystachion (Missiongrass) A/P, C Wide 27 54(6x) 9 5.66
1. ssp. polystachion Apo – 18, 36 18, 24, 32, 36, 45, 48, 
52, 53, 54, 56, 63, 78
9 –
2. ssp. atrichum P, A South, West and 
East Africa
– 36(4x) 9 4.25
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Genepool/section/species/ 
subspecies/common name
Mode of reproduc-
tion, plant habit* Geographic range
Chromosome number** 2C value 
(pg)n 2n x
Section Eupennisetum/Pennisetum† 9–27 18–68 9, 17
Pennisetum clandestinum  
(Kikiyugrass)
Apo/Sex, P, MF, 
RE, SP
Africa, Asia-
temperate, 
Asiatropical, 
Australasia, 
Pacific, America, 
Antarctic
18, 27 36 9 2.30
P.  flaccidum (Himalayan 
fountaingrass)
Apo/Sex, P, C, RS Asia-temperate, 
Asia-tropical
9, 18, 27 18, 36 9 –
Pennisetum foermeranum P, RE Southern Africa – – – –
P. setaceum (Tender fountaingrass) Apo, Inb, P, C Europe, Africa, 
Asia-temperate, 
Australasia, 
Pacific
18 27(3x), 54(6x), 68 9, 17 2.78, 
5.28
Pennisetum sieberianum A Africa, Asia-
temperate
– – – –
Pennisetum villosum  
(Feathertop)
Apo, Inb, P, MF, RE Cosmopolitan 27 36(4x), 18, 27, 45, 54 9 3.47
Section Gymnothri 5–18 10–72 5, 8, 9
Pennisetum alopecuroides 
(Chinese fountaingrass)
Sex, P, C Asia-temperate, 
Asia-tropical, 
Australasia
18 18(2x), 22 9 1.90
Pennisetum basedowii A, C, CL Australasia – 54 9 –
Pennisetum chilense P, C, RE South America – – – –
Pennisetum frutescens Apo, P, CE, RE South America – 63 9 –
Pennisetum hohenackeri P, C, CD Africa, Asia-
tropical
9 18 (2x) – 1.69
Pennisetum latifolium  
(Uruguay fountaingrass)
Apo, P, RS Australasia, South 
America
– 36 9 –
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Genepool/section/species/ 
subspecies/common name
Mode of reproduc-
tion, plant habit* Geographic range
Chromosome number** 2C value 
(pg)n 2n x
Pennisetum macrourum (Waterside 
Reed)
Apo, P, RE Africa, Asia-
temperate, 
Australasia
– 36, 54 9 –
Pennisetum massaicum Apo/Sex, P, RS, K Africa – 16, 32 8 –
Pennisetum mezianum Apo, Inb, P, RS, K Africa, Asia-tropical – 16, 32 8 3.01 (4x)
Pennisetum montanum P South America 16 32 8 –
Pennisetum nervosum (Bentspike 
fountaingrass)
P, RSE America – 36, 72 9 –
P. ramosum (unresolved sp.) Sex/Apo, Inb, A, C Africa 5 10(2x), 20 5 4.04
Pennisetum sphacelatum P, C Africa – 18 9 –
Pennisetum thunbergii P, C, RE Africa, Asia-
temperate, 
Asia-tropical, 
Australasia
– 18 9 –
Pennisetum trachyphyllum P Africa – – – –
Pennisetum tristachyum P, C America – – – –
Pennisetum unisetum P, C Africa, Asia-
temperate
– 18 9 –
Section Heterostachya 9–18 14–56 7, 9
P. orientale (White fountaingrass) Sex/Apo, Inb, P, 
C, RS
Africa, Asia-
temperate, Asia-
tropical, Pacific, 
South America
9, 18 36(4x), 45, 27, 56 9 3.77
P. schweinfurthii (=Pennisetum 
tetrastachyum)
Sex, A Africa – 14(2x) 7 4.97
Table 6.1 Characteristics of Pennisetum species (cont.)
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Genepool/section/species/ 
subspecies/common name
Mode of reproduc-
tion, plant habit* Geographic range
Chromosome number** 2C value 
(pg)n 2n x
Section unknown
Pennisetum advena (Foreign 
 fountaingrass)
P, C North America – – – –
Pennisetum annuum A South America – – – –
Pennisetum articulare P, C Pacific – – – –
Pennisetum bambusiforme P, C America – 36 – –
Pennisetum beckeroides P, RS Africa – – – –
Pennisetum caffrum P, C, CD Africa Indian ocean – – – –
Pennisetum centrasiaticum P Asia-temperate – 36 – –
P. ciliare (syn. Cenchrus ciliaris) 
(Buffelgrass)
Apo/Sex, P, C, RE Africa, West Asia, 
India
9, 18 32, 34, 36, 40, 45, 
52, 54
9 –
Pennisetum complanatum P, RE Pacific, North 
America
– – – –
Pennisetum crinitum P, C North America, 
Mexico
– – – –
Pennisetum distachyum P, C North America, 
South America
– 36 – –
Pennisetum divisum P, RS, K Africa, Asia-
temperate, Asia-
tropical
18, 27 36 – –
Pennisetum domingense P South America – – – –
Pennisetum durum P North America, 
Mexico
– – – –
Pennisetum glaucifolium P, CE, RS Africa, Asia-
temperate
– – – –
Pennisetum gracilescens P, C, RS Africa – – – –
Pennisetum henryanum P, C Pacific – – – –
Pennisetum humile P, C, RE Africa – – – –
Pennisetum intectum P South America – – – –
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Genepool/section/species/ 
subspecies/common name
Mode of reproduc-
tion, plant habit* Geographic range
Chromosome number** 2C value 
(pg)n 2n x
Pennisetum lanatum P, C, RE Asia-temperate, 
Asia-tropical
18 – 9 –
Pennisetum laxius A Africa – – – –
Pennisetum ledermannii P Africa – – – –
Pennisetum longissimum P Asia-temperate – 54 – –
Pennisetum longistylum P, MF, CE, RE Africa – 45 – –
Pennisetum macrostachyum 
(Pacific fountaingrass)
P, C Asia-tropical, 
Pacific
– 54 – –
Pennisetum mildbraedii P, C, RE Africa – – – –
Pennisetum monostigma P, C Africa – 18 – –
Pennisetum nodiflorum P Africa – – – –
Pennisetum nubicum A Africa, Asia-
temperate
– – – –
Pennisetum occidentale P South America – – – –
Pennisetum pauperum P, C South America – – – –
Pennisetum peruvianum P South America – – – –
Pennisetum petiolare A Africa – – – –
Pennisetum pirottae P Africa – – – –
Pennisetum procerum P Africa – – – –
Pennisetum prolificum P, C North America – – – –
Pennisetum pseudotriticoides P, C Africa – – – –
Pennisetum pumilum P, C Africa – – – –
Pennisetum qianningense P, C Asia-temperate – 36 – –
Pennisetum rigidum P, RE South America – – – –
Pennisetum riparium P, MF, RE Africa – – – –
Pennisetum rupestre P, RE South America – – – –
Pennisetum sagittatum P South America – – – –
Table 6.1 Characteristics of Pennisetum species (cont.)
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Genepool/section/species/ 
subspecies/common name
Mode of reproduc-
tion, plant habit* Geographic range
Chromosome number** 2C value 
(pg)n 2n x
Pennisetum setigerum (syn. Cenchrus 
setiger) (Birdwoodgrass)
P North-east Africa, 
India
– 34 (2x) – –
Pennisetum shaanxiense P Asia-temperate – – – –
Pennisetum sichuanense P, RS Asia-temperate – – – –
Pennisetum stramineum P, C Africa, Asia-
temperate
– – – –
Pennisetum tempisquense P, C South America – – – –
Pennisetum thulinii P, C, CD Africa – – – –
Pennisetum trisetum P Africa 36 – – –
Pennisetum uliginosum P, C, CL, RE Africa – – – –
Pennisetum weberbaueri P South America – – – –
Pennisetum yemense P, C, CD, RSE, RS/
RE
Africa, Asia-
temperate
– – – –
* Mode of reproduction: Sex, sexual; Apo, apomictic; Inb, inbreeder. Plant habit: A, annual; P, perennial; C, caespitose; CD, clumped densely; CE, cataphylls evident; CL, clumped loosely; 
K, knotty; MF, mat forming; RE, rhizomes elongated; RS, rhizomes short; RSE, root stock evident; SP, stolons present.
** Range of chromosome numbers given for sections.
†
 Brunken (1977) grouped them under section Pennisetum.
Sources: Robert et al. (2011); Chemisquy et al. (2010); Clayton et al. (2006); www.theplantlist.org.
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extended to the concept of “complex of species” (Pernès, 1984) based on crossability 
of wild species with domesticated form and also the amount of gene flow occurring be-
tween all the members of the genepool. This classification includes primary, secondary, 
and tertiary genepools. Primary genepool (GP1) includes two subspecies: (1) cultivated 
pearl millet (Pennisetum glaucum ssp. glaucum, 2n = 2x = 14, AA) with distinctly 
stalked and persistent involucres at maturity, and (2) wild progenitor (P. glaucum sub-
sp. monodii: two ecotypes, Pennisetum violaceum and Pennisetum mollissimum) with 
subsessile, deciduous involucres at maturity (Robert et al., 2011). The intermediate 
weedy forms, “shibras” (=P. stenostachyum) are found throughout West African Sahel. 
Members of GP1 are not reproductively isolated and can cross-hybridize in sympatric 
condition forming fertile hybrids with normal chromosome pairing. Despite this gene 
flow, mechanisms like linkage, gametophytic competition, and phenology contribute to 
the maintenance of the genetic structure of the species (Robert et al., 2011).
The secondary genepool (GP2) includes napier/elephant grass (Pennisetum pur-
pureum Schum., 2n = 4x = 28, AABB), and recently included apomictic, octoploid 
species P. squamulatum (2n = 8x = 56), whose genome size is similar to P. pur-
pureum. Cytogenetic analysis like crossability, DNA content, genetic relatedness, 
and cytology of advanced hybrids supported the placement of P. squamulatum in 
GP2 (Kaushal et al., 2008). Napier grass is a rhizomatous perennial with desirable 
traits like resistance to most pests, vigorous growth, and outstanding forage poten-
tial; most of these characteristics appear to be on B genome (Hanna, 1987). P. pur-
pureum and P. squamulatum can be easily crossed with cultivated pearl millet but 
their hybrids are highly sterile. The tertiary genepool (GP3) includes the remaining 
Pennisetum spp., which are true biological species compared to GP1 and GP2 spe-
cies. Several Pennisetum species in the GP3 are of economic importance, namely 
Pennisetum flaccidum, P. mezianum, and P. setaceum (ornamental), P. squamulatum, 
P. polystachyon, P. pedicellatum, and Pennisetum orientale (forage). A strong repro-
ductive barrier occurs between members of GP3 with GP1 and GP2 affecting gene 
flow and occurrence of hybrids. Gene transfer is possible through radical manipula-
tions involving in vitro techniques or by using complex hybrid bridges. GP3 species 
with x = 9 cross more readily with pearl millet than those with x = 5 (P. ramosum) and 
x = 8 (P. mezianum) (Dujardin and Hanna, 1989a).
6.2.1.3 Races
Brunken et al. (1977) classified the world collection of cultivated pearl millet based 
on seed shapes into four races:
1. typhoides: It occurs from Senegal to Ethiopia, and northern to southern Africa. It is the only 
basic race found outside Africa, and predominantly grown in India. It is widely distributed 
and morphologically most variable among the four races. Caryopses are obovate in frontal 
and profile views, and obtuse and terete in cross-section. Grains are occasionally shorter and 
enclosed by floral bracts. Inflorescences are variable in length and more or less cylindrical, but 
rarely short inflorescences with elliptic shape are also found (Appa Rao and de Wet, 1999).
2. nigritarum: It is found from western Sudan to northern Nigeria, probably native to east-
ern Sahel and its isolated occurrences in western Sahel due to recent migration events. 
The caryopsis is angular in cross-section with three and six facets. Grains apex is usually 
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truncate with purple tinge and mature grain is elongated and protrudes beyond the floral 
bracts. Inflorescence is candle-shaped.
3. globosum: It occurs from central Burkina Faso to western Sudan and is most commonly 
found in central Nigeria, Niger, Ghana, Togo, and Benin. This large-seeded race has ex-
perienced a great degree of migration in recent times. The caryopses are characteristically 
spherical with each of its dimensions equal, otherwise terete and obtuse, and grain depth 
always exceeds 2.4 mm. It has candle-shaped inflorescence.
4. leonis: It is mainly found in Sierra Leone, infrequently observed in Senegal, southern Mau-
ritania, and the hilly areas of southern India. Caryopsis is oblanceolate and terete with acute 
apex due to remnants of stylar base. Grains are elongated and nearly oblanceolate from all 
lateral perspectives. At maturity, 1/3 of the grain protrudes beyond the floral bracts. It has 
candle-shaped inflorescence.
There are arguments that patterns of racial variation observed in crops are the re-
sult of several independent domestications (Portères, 1976). Although independent 
domestications cannot be ruled out, it appears that migration events, very early in the 
history of pearl millet, followed by a combination of geographic and ethnographic 
isolation are responsible for the present-day pattern of variation in seed morphology 
of the crop (Appa Rao and de Wet, 1999).
6.2.1.4 Genomic relationships
The study of genomic relationships provides information on phylogenetic relations 
and evolution, and it is also useful in breeding programs seeking gene introgres-
sion. GP1 species (P. glaucum, P. violaceum, and P. mollissimum) are reported 
to have similar amount of DNA per basic chromosome set (Martel et al., 1997). 
Genomic relationships between Pennisetum species were investigated by study-
ing variations in chloroplast DNA (Clegg et al., 1984; Renno et al., 2001), mi-
tochondrial DNA (Chowdhury and Smith, 1988), and repetitive DNA sequences 
(Ingham et al., 1993). Significant relationships were noticed between P. glaucum, 
P. purpureum, and P. squamulatum suggesting a common origin. Homeology be-
tween A (pearl millet) and A (P. purpureum) genomes has been established ear-
lier by conventional cytogenetic techniques (Jauhar, 1981a), and B genome was 
found dominant over A genome that masks genetic variability (Hanna, 1987). 
Recent investigations using genomic in situ hybridization revealed homeology 
between the genomes of pearl millet (A) and P. purpureum (A, B), and also 
differences in the distribution and proportion of homologous regions (dos Reis 
et al., 2014). Despite differences in ploidy levels, P. purpureum (4x) and P. glau-
cum (2x) have almost the same 2C values (4.59, 4.71 pg, respectively), but differ-
ent monoploid genome size (1Cx = 1.15, 2.35 pg, respectively). The P. purpureum 
chromosomes (∼80 Mbp) are half the size of P. glaucum (∼165 Mbp) showing 
important chromosomal changes linked to divergence of these species (Martel 
et al., 1997).
Phylogenetic relationships in Pennisetum suggest an ancestral small chromo-
some (x = 9), but reduced chromosome number (decreasing dysploidy) (x = 5, 7, or 
8) and increased chromosome size (Martel et al., 2004; Robert et al., 2011) rather 
than increase in basic chromosome number (ascendant dysploidy) (Jauhar, 1981b; 
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Jauhar et al., 2006). Molecular phylogenetic studies using ribosomal and chloroplast 
DNA sequences suggest the genus Pennisetum as paraphyletic (a taxonomic group 
that includes some but not all of the descendants of a common ancestor) (Martel 
et al., 2004; Donadio et al., 2009) with the species Cenchrus ciliaris (=Pennisetum 
cenchroides/Pennisetum ciliare) nested within it (Doust et al., 2007). Close ge-
nomic relationships were observed between P. squamulatum and aposporous apo-
mictic species Cenchrus ciliaris, which also showed complete macrosynteny at 
the apospory-specific genomic region governing apomixes in these species (Goel 
et al., 2006). Chromosomal and genomic characteristics combined with phyloge-
netic relationships favor the inclusion of Cenchrus species within the genus Pen-
nisetum. Hence, it was proposed to reconsider the taxonomic position of Cenchrus
species and to rename them as Pennisetum species as previously known (Robert 
et al., 2011).
6.3 Erosion of genetic diversity and gene flow
The success of any plant-breeding program depends on the germplasm diversity avail-
able in the crop. Conserving the rich diversity of crop varieties and related wild spe-
cies is essential for providing farmers and plant breeders with diverse sources to im-
prove and adapt crops to meet future challenges. The genetic variability accumulated 
over centuries is fast eroding, mainly due to the replacement of landraces by improved 
cultivars, natural catastrophes (droughts, floods, fire hazards, etc.), industrialization, 
human settlement, overgrazing, and destruction of plant habitats for irrigation projects 
and dams (Upadhyaya and Gowda, 2009). Changes in the diversity of landraces in 
centers of diversity of cultivated plants need to be assessed in order to monitor and 
conserve agrobiodiversity. This notably applies in tropical areas where factors, such 
as increased population, climate change, and shifts in cropping systems, are hypoth-
esized to cause varietal erosion.
Pearl millet landraces are fast disappearing in most states of India due to large-
scale adoption of improved cultivars. For example, a popular landrace from  Punjab, 
“Gullisita” is no longer found in its original form. Recurring droughts in a region 
enforce the farmers to introduce new cultivars from elsewhere, resulting in loss of 
local landraces. With the availability of irrigation, pearl millet is being replaced 
by more remunerative crops like rice, pigeonpea, and cotton in Punjab, India; 
coconut in  Srikakulam district of Andhra Pradesh, India; cassava and cotton in the 
Central African Republic; wheat, maize, and other commercial crops in Yemen; and 
early maturing maize in northern Togo, southern Africa, and Nigeria (Appa Rao 
et al., 1993, 1994; Appa Rao, 1999).
A rapid survey was undertaken (2000–2005) by AICPMIP (pearl millet) in Rajast-
han (India) to measure and monitor the genetic erosion of pearl millet landraces through 
participatory approach under an FAO project (www.globalplanofaction.org), which re-
vealed narrowing of genetic diversity. Diversity in major cereals/millet crops including 
pearl millet was found decreasing at a local level in India  (NBPGR, 2007). Genetic 
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erosion of crop landraces was found increasing in southern Tunisia (Mohamed, 1998). 
Improved cultivars were found replacing traditional varieties in different geographical 
regions of Tanzania (Appa Rao et al., 1989a) and Yemen (Muallem, 1987). Based on 
comparison of diversity in pearl millet varieties collected in 79 villages spanning the 
entire cereal-growing zone of Niger over a 26 year period (1976–2003), high diversity 
of pearl millet varieties was confirmed (Bezançon et al., 2009). Genetic erosion was 
not observed suggesting that farmers’ management could preserve the diversity of 
millet varieties in Niger despite recurrent and severe drought periods and major social 
changes.
Gene flow within the GP1 species of Pennisetum has been assessed by some 
workers. Weedy plants with intermediate (domesticated × wild) phenotypes oc-
cur in most pearl millet fields in West Africa, even in the absence of wild popu-
lations. Under experimental conditions, hybrid (domesticated × wild) frequency 
decreased steadily during germination (42%), at emergence (37%), and thinning 
(17%) by the farmer, and finally only 11% of mature plants were hybrids (Couturon 
et al., 2003). This shows that under the combined pressures of natural and human 
selection, the frequency of hybrids in the field declined drastically up to maturity 
without completely preventing the introgression of wild pearl millet genes into the 
cultivated genome. Morphologic and AFLP marker data suggest some introgres-
sion from the wild to the weedy population but very low gene flow between the 
parapatric wild and domesticated populations (Mariac et al., 2006b). Analyses of 
introgressions between cultivated and wild accessions using microsatellite mark-
ers showed modest introgressions. Wild accessions in the central region of Niger 
showed  introgressions of cultivated alleles, while accessions of cultivated pearl 
millet showed introgressions of wild alleles in the western, central, and eastern 
parts of Niger (Mariac et al., 2006a).
6.4 Germplasm resources conservation
Germplasm of Pennisetum spp. (cultivated and wild) is conserved as 66,682 accessions 
in 97 genebanks across 65 countries, while germplasm of related genera Cenchrus spp. 
is conserved (3758 accessions) in 50 genebanks across 32 countries (www.genesys- 
pgr.org). Eleven major genebanks hold almost 90% of the pearl millet germplasm 
(Table 6.2). The ICRISAT genebank at Patancheru (India) has the largest collection (22,888 
accessions) from 52 countries, including 794 wild germplasm belonging to 27 Pennisetum 
species. At Patancheru, majority of these accessions are conserved as base/active collec-
tions under cold storage. However, several accessions of wild species, which either do not 
produce seed or produce very less seed, are maintained alive in a field genebank. In addi-
tion, three regional genebanks of ICRISAT (Niamey, Niger; Nairobi, Kenya and Bulawayo, 
Zimbabwe) together conserve 14,272 accessions of pearl millet. ICRISAT has contributed 
20,527 accessions of pearl millet as safety duplication to the Svalbard Global Seed Vault 
(SGSV), Norway, while nine other genebanks with small collections have deposited 1459 
accessions of Pennisetum and Cenchrus spp. at SGSV.
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At ICRISAT, the short-term storage is maintained at 18–20°C, 30–40% RH, and 
used for temporary holding of seeds for drying and preparation for subsequent transfer 
to medium- and long-term storage. Active collections are conserved under medium 
term (4°C, 20% RH) for 15–20 years by drying seeds up to 7–9% moisture content 
and stored in aluminum cans with screw caps having rubber gaskets. Base collections 
Table 6.2 Major genebanks conserving cultivated and wild pearl 
millet germplasm
Institute/genebank
Pennisetum spp.
TotalCultivated Wild
Embrapa Milho e Sorgo, Sete 
Lagoas, Brazil
7,225 – 7,225
Plant Gene Resources of Canada, 
Saskatoon Research Centre, 
Agriculture and Agri-Food 
Canada, Saskatoon, Canada
3,543 263 3,806
Laboratoire des Ressources 
Génétiques et Amélioration des 
Plantes Tropicales, ORSTOM, 
Montpellier Cedex, France
3,620 798 4,418
International Crop Research Institute 
for the Semi-Arid Tropics, 
Patancheru, India
22,094 794 22,888
National Bureau of Plant Genetic 
Resources, New Delhi & Jodhpur, 
India
9,144 327 9,471
National Plant Genetic Resources 
Centre, National Botanical 
Research Institute, Windhoek, 
Namibia
1,419 2 1,421
Institut national de la recherche 
agronomique du Niger, Niamey, 
Niger
2,052 – 2,052
International Crops Research 
Institute for Semi-Arid Tropics, 
Niamey, Niger
2,817 – 2,817
Plant Genetic Resources Program, 
Islamabad, Pakistan
1,377 – 1,377
Serere Agriculture and Animal 
Production Research Institute, 
Serere, Uganda
2,142 – 2142
Plant Genetic Resources  Conservation 
Unit, Southern  Regional Plant 
Introduction Station, University of 
Georgia, USDA-ARS, Griffin, USA
1,090 973 2,063
Source: https://www.genesys-pgr.org/; genebanks with >1000 accessions considered for listing.
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are conserved under long term (–20°C) for >50 years by drying seeds up to 4–6% 
moisture content and storing in hermetically sealed laminated aluminum foil packets 
to extend viability (Upadhyaya and Gowda, 2009).
6.5 Germplasm characterization and evaluation
Germplasm collection is of little value unless it is characterized, evaluated, and docu-
mented properly toward their enhanced utilization in crop improvement.
6.5.1 Agronomic traits
A total of 21,461 accessions have been characterized at ICRISAT for 23 morphoag-
ronomic traits using the descriptors for pearl millet (IBPGR and ICRISAT, 1993). 
These accessions showed large phenotypic diversity for almost all quantitative traits 
(Table 6.3). Likewise, diversity for qualitative traits, such as panicle shape (nine 
classes), seed shape (five classes), and seed color (10 classes), was also observed. 
Predominant types found were those with candle-shaped panicles, short-bristled 
panicles, globular seed shape, grey seed color, and seeds with partly corneous en-
dosperm texture. Several accessions were identified as a promising source for green 
fodder yield (147), while some others for seed yield potential (6). Enormous diversity 
reported for morphoagronomic traits among landraces and wild relatives from India, 
west and central Africa, Cameroon, Yemen, and Ghana has been summarized by 
Dwivedi et al. (2012).
Table 6.3 Range variation for morphoagronomic traits observed 
in core collection and entire collection evaluated during rainy 
season at Patancheru, India
Characters
Range Mean
Entire  
collection*
Core collection 
(Upadhyaya 
et al., 2009a)**
Entire 
collection
Core  collection 
 (Upadhyaya 
et al., 2009a)
Days to flowering 33–159 33–157 72.7 72.7
Plant height (cm) 30–490 35–490 248.5 243.3
Total tillers (no.) 1–35 1–35 2.7 2.7
Productive tillers (no.) 1–19 1–19 2.1 2.1
Panicle exsertion (cm) −45 to 29 −32 to 22 3.5 3.5
Panicle length (cm) 5–135 5–120 28.9 28.2
Panicle width (cm) 8–58 10–55 24.0 23.9
1000 grain weight (g) 1.5–21.3 2.9–19.3 8.5 8.5
* Entire collection: 21,461 accessions.
** Core collection: 2,094 accessions.
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6.5.2 Abiotic stress tolerance
Drought is the primary constraint for pearl millet production in the drier semi-
arid and arid regions of south Asia and Africa. Traditional landraces from drier 
regions are good sources of drought adaptation (Table 6.4) and they could pro-
duce significantly greater biomass, grain, and stover yields than elite populations 
( Yadav, 2008). Under severe moisture stress, high tillering and small- panicled 
landraces produce higher grain yield than low tillering and large-panicled land-
races (Van Oosterom et al., 2006). Drought-tolerant genotypes extract less water 
prior to anthesis and more water after anthesis resulting in better yield (Vadez 
et al., 2013). High-temperature stress at seedling and reproductive stages has an 
impact on crop establishment and yield of pearl millet. Genetic variation has been 
observed for heat tolerance at seedling and reproductive stage among germplasm 
(Table 6.4). A recent study for reproductive-stage heat tolerance over 3–4 years 
could identify tolerant breeding lines and germplasm line (IP 19877) having equiv-
alent seed set as that of tolerant check 9444 (Gupta et al., 2015). Low-temperature 
stress at vegetative stage causes increased basal tillering and grain yield; at elon-
gation stage, it leads to reduced spikelet fertility, inflorescence length, and de-
creased grain yield; at grain development stage, it leads to increase in grain yield 
(Fussell et al., 1980). Pearl millet germplasm tolerant to salinity have been re-
ported (Table 6.4). Pearl millet is often cultivated in less-fertile soils with low 
amount of organic matter and low to medium levels of available phosphorus 
(Yadav and Rai, 2013). Pearl millet production on acid sandy soils of the Sahel is 
limited by low-P status. For low-P tolerance, both seedling and mature plant traits 
were found useful for selection as secondary traits (Gemenet et al., 2015). Diverse 
germplasm including breeding lines, varieties, and landraces with resistance to abi-
otic stresses has been summarized by Dwivedi et al. (2012).
6.5.3 Biotic stress tolerance
Resistance to major diseases like downy mildew, blast, smut, ergot, and rust have 
been reported in pearl millet germplasm (Table 6.4). At ICRISAT, evaluation of 
a large number of germplasm accessions has led to the identification of resistant/
tolerant sources for downy mildew (54), smut (397), ergot (283), and rust (332) 
(Upadhyaya et al., 2007). Several germplasms with multiple disease resistance to 
major diseases have also been identified (Table 6.4). Diverse germplasm including 
breeding lines, varieties, and landraces showing resistance to biotic stresses have been 
summarized by Dwivedi et al. (2012). GP1 wild species, P. glaucum ssp. monodii is 
a good source for smut resistance, while ssp. stenostachyum is a good source for rust 
and leaf blast resistance. Some of the accessions of GP3 species were found immune 
to rust, while a group of accessions showed resistance to several fungal diseases in-
cluding blast (Wilson and Hanna, 1992). A large number of accessions (223) belong-
ing to 12 wild Pennisetum species were free from downy mildew, while most of the 
Pennisetum schweinfurthii accessions were free from downy mildew and also found 
resistant to rust (Singh and Navi, 2000). Striga [Striga hermonthica (Del.) Benth.] is 
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Table 6.4 Sources of resistance to major abiotic and biotic stress among 
pearl millet landraces and derivatives of landraces or wild relatives
Resistant landraces or derivatives* References
Abiotic stress
Drought: CZMS 44A (landrace 3072); IP 
8210; landraces 220, 184, 235, 238
Manga and Yadav (1997); Kusaka et al. 
(2005); Yadav (2010)
Heat: IP 3201; IP 19877 Howarth et al. (1997); Gupta et al. (2015)
Salinity: 93613, KAT/PM-2, Kitui, Kitui local, 
93612; 10876, 10878, 18406, 18570; IP 
3757, 3732; Birjand pearl millet; IP 6112; 
IP 3616, 6104, 6112; ZZ ecotype
Ashraf and McNeilly (1992); Ali et al. (2004); 
Krishnamurthy et al. (2007); Kafi et al. 
(2009); Esechie and Al-Farsi (2009); 
Nadaf et al. (2010); Radhouane (2013)
Biotic stress
Downy mildew: 18 resistant progenies (IP 
2696); P 310, 472, 1564, 700516, D322/1/-
2-2, P1449-3, P 8695-1, 8896-3, 3281; 
DMRP 292 (IP 18292); Gwagwa; 62 
accessions resistant to 2 or more pathotypes
Singh et al. (1988); Singh (1990); Singh 
and Talukdar (1998); Wilson et al. 
(2008); Sharma et al. (2015)
Blast: Tift 85D2B1 (monodii); landrace 122, 162, 
192; Acc. 36, 41, 46, 71; 32 IP acc. (resistant 
to one or more pathotypes), IP 7846, 11036, 
21187 (resistant to four pathotypes)
Hanna et al. (1987); Wilson et al. (1989a); 
Wilson et al. (1989b); Sharma et al. 
(2013)
Smut: Selections from germplasm (6); landrace 
133, 224, 192; SSC 46-2-2-1, SC 77-7-2-3-1, 
SC 18-7-3-1
Thakur et al. (1986); Wilson et al. 
(1989a); Yadav and Duhan (1996)
Ergot: 27 F6 lines (intermating of 20 acc.); 16 acc. Thakur et al. (1982); Kumar et al. (1997)
Rust: monodii (3 acc.); 2696-1-4; landrace 192; 
ICML 17, 18, 19, 20, 21 (selected from bulk 
germplasm); Tift 3, Tift 4 (landrace from 
Burkina Faso); Tift 89D2 (Se Fa); Tift 65 
(monodii); 7042-1-4-4, IP 8695-4, 700481-27-5
Hanna et al. (1985); Andrews et al. (1985); 
Wilson et al. (1989a); Singh et al. (1990); 
Wilson and Burton (1991); Hanna and 
Wells (1993); Burton and Wilson (1995); 
Pannu et al. (1996)
Striga: Serere 2A9, 80S224, P2671, P2950; 
Buduma-Chad; PS 202, 637, 639, 727
Roger and Ramaiah (1983); Gworgwor 
(2001); Wilson et al. (2004)
Multiple disease resistant**
DM, ER, RU, BL: Tift #5S1 (Bulk of 114 acc. 
of monodii)
Hanna et al. (1993)
DM, ER, RU: 7 inbreds and 6 bulk populations 
(Intermating between landraces and 
pedigree selection)
Thakur et al. (1985)
DM, SM: ICML 5 to 10 Thakur and King (1988)
DM, RU: IP 1481-L-2, P2895-3, IP 8877-3, 
700481-5-3; ICML 11 (IP 2696)
Singh (1990); Singh et al. (1987b)
BL, RU: Acc. 122, 162; Tift 86DB/A; Tift 65 Wilson et al. (1989a); Hanna and Wells 
(1989); Burton and Wilson (1995)
BL, SM: Acc. 192 Wilson et al. (1989a)
SM, RU: Acc. 133, 224 Wilson et al. (1989a)
* Content in bracket indicates derived from the landrace or wild relative.
** DM, downy mildew; ER, ergot; RU, rust; BL, blast; SM, smut.
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a serious constraint for pearl millet production in West Africa. Few landraces with 
less  susceptibility and some monodii accessions with resistance to Striga have been 
identified (Table 6.4). Shibras have been found to show resistance to Striga in the field 
(Parker and Wilson, 1983).
6.5.4 Seed nutritional quality
Enormous variability has been found in pearl millet germplasm collection for protein 
(up to 24.3%) among 260 accessions (Singh et al., 1987a) and micronutrient concen-
trations, namely Fe (51–121 mg/kg) and Zn (46–87 mg/kg) among 191 accessions 
(Rai et al., 2015).
6.5.5 Source of male sterility
Cytoplasmic male sterility (CMS) sources in pearl millet were identified in popula-
tions of crosses involving genetically diverse parents, for example, A1 (Burton, 1958), 
A3 CMS (Athwal, 1966); or derived from diverse germplasm accessions, for example, 
A2 (Athwal, 1961) and several unclassified CMS sources (Appa Rao et al., 1989b); 
or identified from broad-based genepools, for example, Aegp CMS in early genepool 
(Sujata et al., 1994), A5 CMS in large-seeded genepool (Rai, 1995). CMS sources 
have also been identified in populations derived from crosses between GP1 wild rela-
tive [P. glaucum subsp. monodii (=P. violaceum)] as female parent and cultivated 
pearl millet as male parent, for example, germplasm accessions from Senegal were 
identified as source of Av (Marchais and Pernès, 1985) and A4 CMS (Hanna, 1989).
6.6 Germplasm regeneration and documentation
Germplasm regeneration is essential to produce uncontaminated and representative 
seed samples of the original accessions in sufficient quantities for subsequent evalua-
tion, distribution, and conservation. Methods suggested for regeneration of pearl mil-
let germplasm (Burton, 1979) are described next.
6.6.1 Intercrossing
Intermating of 100 or more plants in isolation would help to maintain an accession 
close to its original form. Limited availability of isolations does not permit this. 
Hence, manual intercrossing among 100 or more plants of an accession without al-
lowing for outcrossing from other accessions is practiced. Pollination of receptive 
panicle on each plant with mixture of pollen from an accession is an effective method 
(Appa Rao, 1999).
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6.6.2 Cluster bagging
To regenerate thousands of landraces at ICRISAT, cluster-bagging method is be-
ing used to prevent unwanted genetic contamination and avoid hand pollination 
 (Upadhyaya and Gowda, 2009). About 160 plants per accession are grown in four 
rows. Before stigma emergence, the main stem panicle from two to four adjacent 
plants in a row is covered in a single parchment paper bag. All the plants of an ac-
cession are covered with bags in this fashion. Cross-pollination takes place among 
the diverse plants covered in a single bag, thereby reducing the inbreeding depres-
sion. During harvesting, one such bagged panicle per plant from at least 120 plants 
per accession is taken and an equal quantity of seeds from each plant is used to 
reconstitute the accession.
6.6.3 Selfing
Selfing of plants that are used to describe an accession is the most convenient way to 
obtain large amounts of seed of a new accession (Burton, 1985). At ICRISAT, inbreds 
and genetic stocks are maintained by selfing (Upadhyaya and Gowda, 2009).
6.6.4 Genepools
Various accessions of similar maturity coming from the same region/country are 
grown as a mixture of equal quantities of seeds from all accessions in isolation to 
intermate and seed is harvested from a part or all of the plants. Germplasm pools that 
are increased each year and contain many accessions offer an easy way to handle 
germplasm (Burton, 1979). It allows breaking undesirable linkages, resulting in the 
emergence of new recombinants and improves adaptation. To ensure proper represen-
tation of accessions entering the genepools, it is desirable to group accessions based 
on maturity, specific morphologic characters, and region of origin. Accessions are 
evaluated and chosen to create trait-specific genepools (TSG). For genetic resource 
purposes, TSGs are best maintained without any selection pressure to allow for local 
adaptation. At ICRISAT, TSGs have been developed by random mating (four to six 
generations) of a large number of germplasm accessions, for example, early genepool 
(1143 acc.), high tillering genepool (1093), large-grain genepool (887), large-panicle 
genepool (804); INMG 1 (123 acc.), INMG 2 (208), INMG 3 (73), INMG 4 (51), 
INMG 5 (69) (Rai et al., 1997; Singh and Jika, 1988).
At ICRISAT, good-quality seed is regenerated for conservation during the post-
rainy season with regular monitoring by pathologists to have healthy seeds. Physi-
ologically mature seeds are harvested, seed moisture brought down to 5–7% by 
drying in cool and dry atmospheres, or in the drying cabinets at 18°C and 16% 
RH. For pearl millet, the recommended sample size per accession in a base collec-
tion is 12,000 seeds, with a minimum of 3,000 seeds (IBPGR, 1985). At ICRISAT, 
about 12,000 seeds of pearl millet are used for long-term conservation and stored in 
hermetically sealed containers to maintain low seed moisture content with a view 
to control humidity. Prior to conservation, seed viability is recorded initially for 
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all accessions and also randomly monitored during storage by drawing samples at 
regular intervals of 6 months for their germinability. Accessions that show <85% vi-
ability or below critical quantity of 50 g are routinely regenerated. Proper documen-
tation allows rapid accessioning of new samples, answer queries on the  conserved 
germplasm, and monitor quality and quantity of stored material to carry out regen-
eration and distribution. Hence, a computerized data handling system is ideal for a 
genebank.
6.7 Gap analyses of germplasm
Identifying the gaps in germplasm collections of genebanks helps to plan for col-
lecting landraces that are not represented in genebanks. Toward this at ICRISAT, 
gap analyses of cultivated pearl millet germplasm from different geographical regions 
like west and central Africa (WCA), Asia, and east and southern Africa (ESA) and 
also for wild relatives like P. glaucum ssp. monodii and P. pedicellatum (Deenanath 
grass) were made to identify the missing diversity in germplasm assembled in its 
genebank (Upadhyaya et al., 2009b, 2010, 2012, 2014a, 2014b). The WCA region, 
being the center of diversity for pearl millet, has germplasm sources for resistance to 
biotic and abiotic stresses. Gap analysis using passport and characterization data and 
geographical information system tools could identify gaps in cultivated germplasm in 
the provinces of Chad, Ghana, Nigeria, Burkina Faso, Mali, and Mauritania in WCA; 
provinces of India and Pakistan in Asia; provinces of Sudan, Uganda, and seven coun-
tries in southern Africa. Similarly, gaps were identified in 86 provinces of 8 countries 
in the primary center of origin for P. glaucum subsp. monodii, while 194 provinces in 
21 countries of Asia and Africa for P. pedicellatum. This information would be help-
ful in assembling poorly represented or totally missing germplasm from these regions 
of diversity to avoid genetic erosion and ensure their conservation and utilization in 
crop improvement.
6.8 Limitations in germplasm use
The use of available genetic resources in crop improvement is the most neglected 
part of germplasm conservation (de Wet, 1989). A very large gap exists between 
actual utilization of the germplasm and availability of collection in the genebanks 
(Wright, 1997; Upadhyaya et al., 2006). Germplasm resources would not be used if 
the information needed by crop improvement scientists is not readily available. Ex-
tensive use of fewer and closely related parents and their derivatives in crop improve-
ment is contrary to the very purpose of establishing large germplasm collections. 
Representative subsets, in the form of core collection (Frankel, 1984) or minicore 
collection (Upadhyaya and Ortiz, 2001), has been suggested as an entry point for 
germplasm utilization in crop breeding. Core and minicore collections (Upadhya-
ya et al., 2009a, 2011) and reference sets (Upadhyaya, 2009) are now available in 
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pearl millet. Evaluation of core collection has led to the identification of new sources 
of variation for grain and fodder traits (Khairwal et al., 2007), while evaluation of 
minicore collection led to identification of sources of resistance to blast and downy 
mildew (Sharma et al., 2013, 2015). More targeted evaluation of these subsets for 
morphoagronomic traits, resistance to various abiotic and biotic stresses, and their 
molecular profiling will lead to mining of allelic variation associated with agronomi-
cally beneficial traits.
6.9 Germplasm uses in pearl millet improvement
6.9.1 Cultivated germplasm
The greatest achievement is conserving the vanishing pearl millet germplasm and 
making it available for crop improvement. At ICRISAT, to enhance the utiliza-
tion of pearl millet germplasm, core and minicore collections and reference sets 
have been developed (Bhattacharjee et al., 2007; Upadhyaya et al., 2009a, 2011; 
Upadhyaya, 2009), which would allow their extensive evaluation for identification 
of trait-specific germplasm and widely adaptable accessions across locations. Trait-
specific genepools have been developed earlier for early maturity, high tillering, 
large panicle, and large grain to provide breeders with useful variability for utili-
zation. Recently, a Striga-resistant genepool was developed by recurrent selection 
(Kountche et al., 2013).
In general, Indian pearl millet landraces have earliness, high tillering, high harvest 
index, and local adaptation, whereas African landraces are good sources of high head 
volume, large seed size, and disease resistance. Significant progress has been made 
with regard to utilization of germplasm in pearl millet improvement. Early matur-
ing accessions like IP 4021 and IP 3122 were supplied most frequently. Pearl millet 
germplasm has been widely used in developing composites, which include a wide 
range of germplasm and improved breeding lines. The Iniadi germplasm from the 
Togo–Ghana–Burkina Faso–Benin regions of western Africa is most commonly used 
in pearl millet breeding programs worldwide (Andrews and Anand Kumar, 1996). 
The most successful example of the use of pearl millet landraces is ICTP 8203, a 
large-seeded and high-yielding open-pollinated variety bred at ICRISAT, Patancheru 
as a selection within the large-seeded Iniadi landrace (IP 17862) from northern Togo 
(Rai et al., 1990). This variety was released in India as MP 124 in Maharashtra and 
Andhra Pradesh and as PCB 138 in Punjab, while as Okashana 1 in Namibia and as 
Nyankhombo [ICMV 88908] in Malawi.
Direct selection within the landrace has led to the development of a large-
seeded and downy mildew resistant male sterile line ICMA 88004 in India (Rai 
et al., 1995); varieties IKMP 3 (IP 11381) and IKMP 5 (IP 11317) in Burkina Faso; 
open-pollinated variety ICMV-IS 88102 (IP 6426) in Burkina Faso, while as Ben-
kadi Nio in Mali; IP 6104 and IP 19586 released in Mexico as high forage yielding 
varieties. Some varieties were developed by crosses involving at least one of the 
parents as landrace, for example, Okashana 2 and Kangara (SDMV 92040) varieties 
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in Namibia and PMV 3 in Zimbabwe (Obilana et al., 1997). ICRISAT has contrib-
uted genetic material to public and private institutions, which has helped in breeding 
high-yielding varieties/hybrids with resistance to biotic and abiotic factors. Using 
pearl millet germplasm from ICRISAT, a large number of varieties/hybrids have 
been released by NARS across the world (163) including India (80) as of December 
2010 (Anonymous, 2011).
Donor parents like 863B (IP 22303), P 1449-2 (IP 21168), ICMB 90111 (IP 
22319), ICMP 451 (IP 22442), and IP 18293 were identified as sources of gene for 
resistance against different pathotypes of downy mildew in India (Upadhyaya et al., 
2007). Several promising germplasm accessions have been identified for resistance to 
downy mildew (IP #9645, 14537, 18292), blast (IP 7846), smut and heat tolerance (IP 
#19799, 19843, 19877), multiple disease resistance (IP #21268, 21296), salinity toler-
ance (IP #3732, 3757, 22269), high Fe and/or Zn content (IP #9198, 11535, 12364, 
17672), and yellow endosperm with high beta-carotene content (IP #15533, 15536) in 
seed. Germplasm with earliness, resistance to abiotic and biotic stresses, new dwarf-
ing genes, high iron and zinc, sweet stalk, yellow endosperm, and so on, are widely 
used in crop improvement programs in different countries. Several new and useful 
traits, such as narrow leaf, glossy leaf, brown midrib leaf, and leaf color variants, have 
been used extensively in academic studies.
6.9.2 Wild relatives
There has been a general lack of interest in using wild species because of the large 
amount of genetic variability already available in pearl millet landraces. Howev-
er, P. glaucum ssp. monodii for new source of cytoplasmic-nuclear male sterility 
(CMS), P. purpureum for forage, stiff stalk and restorer genes of the A1 CMS sys-
tem, P. mezianum for drought tolerance, Pennisetum orientale for drought tolerance 
and forage, P. schweinfurthii for large seeds, P. pedicellatum and P. polystachion
for downy mildew resistance, and P. squamulatum for apomictic gene are useful 
(Rai et al., 1997).
Intersubspecific, interspecific, and intergeneric hybridization have been attempt-
ed to expand the cultigen genepool in pearl millet (Table 6.5). Intersubspecific cross-
es involving ssp. glaucum (cultivated), monodii (wild relative), and stenostachyum
(weedy relative) have been successful in transferring desirable traits like rust resis-
tance, male sterility, and alleles for enhancing yield components from GP1 to pearl 
millet. Interspecific hybridization between P. glaucum and P. purpureum has led to 
development of forage hybrids with high biomass and better quality (Table 6.5). The 
A genome from P. purpureum contributes excellent genetic variability for inflo-
rescence and plant types, maturity, and fertility restoration of the sterile cytoplasm, 
which has been transferred to pearl millet (Hanna, 1983, 1990). P. squamulatum has 
desirable traits like perenniality, apomixis, disease resistance, tolerance to drought 
and frost, and so on, which could be transferred to pearl millet. Crosses between 
members of GP1 with GP3 showed incompatibility at pollen germination or at sty-
lar or ovarian level, but in some cases, hybrids could be recovered through embryo 
rescue but often showing male sterility (Table 6.5). Efforts of intergeneric hybridiza-
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Table 6.5 Attempts of wide crosses involving Pennisetum spp.
Crosses Details References
Intersubspecific/interspecific
Within GP1
P. glaucum* × P. 
glaucum ssp. 
monodii
Normal pollen germination and growth 
in stigmatic tract
Kaushal and Sidhu 
(2000)
Transferred rust resistance and 
thermosensitive genetic male sterility
Hanna et al. (1985), 
Kaushal et al. (2004)
Frequency of natural hybrids  decreased 
up to 11% at maturity
Couturon et al. (2003)
P. glaucum ssp. 
 monodii × P. 
glaucum
Transferred cytoplasmic male  sterility Marchais and Pernès 
(1985), Hanna (1989), 
Rai et al. (1996)
P. glaucum × P. 
 mollissimum
Inheritance of domestication traits 
studied; Transgressive segregants 
obtained for panicle length and width
Poncet et al., 1998, 2000
P. glaucum × P. 
 stenostachyum
Some introgression from wild to weedy 
population, but very low gene flow 
between wild and domesticated 
populations
Mariac et al. (2006b)
Between GP1 and GP2
P. glaucum × P. 
 purpureum
Homeology between A and A genome 
confirmed based on meiotic studies 
and genomic in situ  hybridization
Jauhar (1981b), Jauhar 
and Hanna (1998), dos 
Reis et al. (2014)
High frequency of meiotic abnormalities 
in F1’s resulting in sterile pollen
Techio et al. (2006)
Hybrids with improved forage potential 
and quality produced
Hanna et al. (1984), 
Obok et al. (2012), 
Obok (2013), Kannan 
et al. (2013)
Genes controlling earliness, long 
inflorescence, leaf size, and male 
fertility restoration transferred from 
P. purpureum
Hanna (1983)
P. glaucum (2x/4x) × 
P. squamulatum
Recovered partially fertile hybrids Dujardin and Hanna 
(1983, 1989a), 
Marchais and Tostain 
(1997)
Transfer of gene/s controlling apomixis 
through crosses and backcrosses
Dujardin and Hanna 
(1985)
(P. glaucum × P. 
squamulatum) × 
(P. glaucum × P. 
 purpureum)
Double cross hybrid used to transfer 
apomixis from P. squamulatum into 
a backcross derivative
Dujardin and Hanna 
(1989b)
(Continued)
276 Genetic and Genomic Resources for Grain Cereals Improvement
Crosses Details References
Between GP1 and GP3
P. glaucum/P. glaucum 
ssp. monodii* × 
P. orientale/P. se
taceum/P. schwe
infurthii/Pennise
tum ramosum/P. 
pedicellatum/P. 
polystachyon
Incompatibility observed at pollen 
germination, pollen tube growth or 
fertilization level
Kaushal and Sidhu 
(2000), Chaix and 
Marchais (1996)
P. glaucum × P. 
schweinfurthii/P. 
ramosum
Hybrids recovered by embryo rescue 
but normally male sterile and 
partially female fertile
Marchais and Tostain 
(1997), Nagesh and 
Subrahmanyam (1996)
P. glaucum × P. 
mezianum
Hybrids recovered by embryo rescue/
embryo cloning and showed low 
pollen fertility
Nagesh and 
Subrahmanyam 
(1996), Marchais and 
Tostain (1997)
P. glaucum × P. 
macrourum
Failed to get any hybrid although 
germinating pollen abundant on stigma
Dujardin and Hanna 
(1989a)
P. glaucum (2x/4x) 
× P. ramosum
Embryo rescue could recover hybrids 
only from tetraploid crosses
Nagesh and 
Subrahmanyam 
(1996), Marchais and 
Tostain (1997)
P. glaucum × P. 
orientale
Partial homology between the genomes Jauhar (1981b)
Male fertility of F1 restored by 
chromosome doubling
Dujardin and Hanna 
(1987)
Embryo rescue used to obtain hybrids Nagesh and 
Subrahmanyam (1996)
Backcrossing resulted in hybrids with 
varying chromosome numbers
Hanna and Dujardin 
(1982), Dujardin and 
Hanna (1989b)
P. glaucum × P. 
setaceum
Obligate apomictic interspecific 
hybrids recovered but did not allow 
further progress
Dujardin and Hanna 
(1989a)
P. glaucum × P. 
pedicellatum/P. 
polystachyon
Miniature hybrid seeds formed that 
failed to germinate; embryo culture 
might be useful for recovering hybrids
Dujardin and Hanna 
(1989a)
P. glaucum × P. 
dubium
Single hybrid obtained but no 
homology between parental genomes
Gildenhuys and Brix 
(1961)
P. glaucum × P. 
cenchroides
Incompatibility for pollen tube growth 
in stylar region
Mohindra and Minocha 
(1991)
High frequency of proembryos with 
large undifferentiated endosperm; 
 hybrid obtained was completely 
sterile
Read and Bashaw (1974), 
Chaix and Marchais 
(1996); Marchais and 
Tostain (1997)
Table 6.5 Attempts of wide crosses involving Pennisetum spp. (cont.)
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tion and somatic hybridization have shown little success. Concerted efforts need to 
be made for utilization of GP2 and GP3 species through the development of wide 
crosses by utilizing special techniques and generation of prebreeding populations for 
use by breeders.
Crosses Details References
Within GP3
Cenchrus ciliaris × 
P. orientale
Hybrid with excellent forage potential Hussey et al. (1993)
P. flaccidum × P. 
mezianum
Hybrids of (2n + n) type were more 
winter hardy and produced more 
forage than (n + n) type
Burson and Hussey 
(1996)
Between GP2 and GP3
P. purpureum × P. 
squamulatum/P. 
schweinfurthii/P. 
ramosum/P. 
pedicellatum/P. 
polystachyon
Incompatibility at pollen germination, 
pollen tube growth or fertilization 
level
Chaix and Marchais 
(1996)
P. schweinfurthii × 
P. purpureum
Hybrid obtained due to fertilization 
between unreduced (2n) and normal 
(n) gamete
Vidhya and Fazlullah 
Khan (2003)
Intergeneric
P. glaucum × 
Panicum maximum/
Zea mays
Low compatibility and pollen tubes 
arrested in the style
Chaix and Marchais 
(1996)
Oryza sativa × P. 
orientale
Hybrid recovered were regenerated 
vegetatively and completely sterile
Wu and Tsai (1963)
Triticum aestivum × 
P. glaucum
Hybrid embryos produced haploid 
wheat due to elimination of pearl 
millet chromosomes
Laurie (1989), Gernand 
et al. (2005)
Hordeum vulgare × 
P. glaucum
Globular embryos obtained Zenkteler and Nitzsche 
(1984)
Avena sativa × P. 
glaucum
Hybrids obtained at low frequency but 
pearl millet chromosomes lost in 
embryo or plant
Matzk (1996)
P. glaucum ×  
Zea mays/Triticale/ 
Sorghum bicolor
Haploid induction rate (HIR) varied in 
crosses
Gugsa et al. (2013)
* Pennisetum glaucum syn. Pennisetum typhoides/Pennisetum americanum; P. glaucum ssp. monodii syn. P. violaceum; 
Cenchrus ciliaris syn. P. cenchroides; 2x, diploid; 4x, tetraploid.
Table 6.5 Attempts of wide crosses involving Pennisetum spp. (cont.)
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6.9.3 Chromosome segment substitution lines
Development of chromosome segment substitution lines (CSSLs), originating from 
crosses between cultivated and wild types, will be a most useful resource as each of these 
lines will have different genomic regions from wild germplasm introgressed in cultivated 
genotypic background. Characterization of these populations for different traits and ge-
notyping helps in exploitation of useful alleles found in wild germplasm. CSSLs based on 
crosses between cultivated pearl millet and its wild relatives are not yet available. How-
ever, at ICRISAT, a set of CSSLs (1492) based on a cross between two agronomically 
elite parental lines differing for several important agronomic traits have been developed 
(Ramana Kumari et al., 2014). CSSLs will be an ideal set of genetic stocks for mapping 
and fine-mapping the multitude of traits for which their parents differ.
6.10 Genomic resources in management and utilization 
of germplasm
Pearl millet has a genome of ∼2350 Mb (Bennett et al., 2000) and haploid genome 
content of 1Cx = 2.36 pg (Martel et al., 1997). Genomic resources like molecular 
markers, genetic linkage maps, and genes associated with specific traits developed 
in pearl millet using diverse genetic material and their utilization for assessing diver-
sity or population structure and genetic mapping have been summarized by Dwivedi 
et al. (2012). Toward utilization of molecular markers in management and utilization 
of germplasm, they have been employed for assessing diversity among and within 
pearl millet landraces. Genetic diversity analysis of representative accessions of 
Indian origin (10) from core collection (504 accessions) using highly polymorphic 
RFLP probes (16) revealed high variability within-accession (30.9%) and also be-
tween accessions (69.1%) (Bhattacharjee et al., 2002). Landraces from western and 
eastern Rajasthan revealed higher variation within landrace population than between 
regional samples as assessed by AFLP markers (Vom Brocke et al., 2003). Genetic 
diversity assessed among wild (46) and cultivated (421) pearl millet accessions from 
Niger using microsatellites (25) revealed lower number of alleles and lower gene 
diversity in cultivated than wild accessions and a strong differentiation between 
cultivated and wild groups (Mariac et al., 2006a). Similarly, wild (84) and cultivated 
(355) accessions originating from the whole pearl millet distribution area in Africa 
and Asia analyzed by microsatellite loci (27) revealed higher diversity in the wild 
pearl millet group (Oumar et al., 2008). The cultivated pearl millet sample possessed 
81% of the alleles and 83% of the genetic diversity of the wild pearl millet sample.
Next-generation sequencing (NGS) technologies offer efficient and cost-effective 
sequencing of a large number of samples for organisms, which provide opportunity 
to relate sequence differences with phenotypes of diverse accessions in comparison 
with decoded reference genome. The role of NGS technologies to enhance efficiency 
of different genebank activities need to be established. For collection management, 
NGS technologies could be useful to basically support all management areas (Van 
Treuren and Van Hintum, 2014). For example, DNA sequence data of genebank ac-
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cessions may be used to determine the genetic structure of collections and to improve 
the composition thereof by eliminating redundancies (Van Treuren et al., 2009). Am-
ple sequence data of the existing collection allows genebank curators to take more 
informed decisions about acquisition by evaluating potentially interesting materials 
for their added value to the genetic diversity already present in the collection (Van 
Treuren et al., 2008). One can consider removal of accessions that contribute least to 
the  genetic diversity of the collection (Van Treuren et al., 2009). NGS data could also 
be used to monitor the regeneration of accessions in order to ensure the maintenance 
of genetic integrity thereof, for example, by comparing sequence data of samples be-
fore and after regeneration (Van Hintum et al., 2007).
6.11 Conclusions
Pearl millet is gaining importance as a climate-resilient and health-promoting nutri-
tious crop. Recent evidences using microsatellites suggest the monophyletic origin of 
pearl millet and its further migration and secondary diversification leading to enor-
mous diversity. Genetic erosion of landraces has been evident in different pearl millet 
growing regions due to replacement with modern cultivars. Large variability found in 
pearl millet germplasm has been conserved in several genebanks. Toward enhancing 
the utilization of pearl millet germplasm, available subsets like core and minicore col-
lections and reference sets should be extensively evaluated to identify trait-specific 
germplasm and also develop genomic resources to associate sequence differences 
with trait variations. Although transfer of desirable traits from primary wild relatives 
has been successful, concerted efforts are needed to broaden cultivated genepool by 
utilizing secondary and tertiary genepool toward developing climate-resilient culti-
vars. Development of genomic resources is expected to rise as the genome sequence 
of pearl millet is due for release and also due to faster developments in NGS technolo-
gies that could be efficiently utilized for management and utilization of pearl millet 
germplasm and in turn for crop improvement.
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